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Abstract 
We analyzed soil and groundwater samples from the Bolivian Altiplano for trace metal 
concentrations, correlations and partitioning trends.  Total digestion, sequential extraction and 
loss on ignition experiments were performed on soil samples.  We ran aqueous samples on an 
ICP-MS.  All experimental results were analyzed to identify trace metal concentrations of 
concern and to find any significant correlations.  We generated interpolated maps in ArcGIS to 
spatially analyze results. Results were divided into sub-groups of organophilic metals, oxoanions 
and divalent metals.  Elevated concentrations of many elements of interest were identified, 
including vanadium, arsenic, selenium, zinc, nickel, lead, cobalt, uranium, copper and 
manganese.  These elements are likely naturally sourced.  We found trends among groupings of 
depth and location.  Arsenic exceeded the World Health Organization (WHO) guideline for all 
water samples.  Some of the elements of interest were not concentrated in water samples but 
were present in the soil, which could pose an agricultural concern.  For organophilic metals, 
trends were likely due to soil weathering.  Copper and cobalt correlated strongly across all depths 
 iv
and locations.  For divalent metals, solubility was likely the controlling factor.  Zinc was bound 
across all phases of sequential extraction, while lead and nickel were mainly in the residual 
phase, which is supported by the known solubility of zinc compared to lead and nickel.  For 
oxoanions, trends were suspected to be from strongly held inner-sphere sorption and soil 
weathering.  As soil weathering occurs, oxoanions were likely taken into different phases.  
The methods we implemented in this paper are very useful for both exploration, risk 
assessment and prediction via empirical relationships.  The visualization of data using of 
spatially interpolated maps is useful in identifying trends as well as areas of potential high risk.  
This method can be applied in other areas with suspected risks due to anthropogenic 
contamination or naturally occurring concentrations of trace metals.  
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 Water is an essential part of life.  Water is necessary for survival and quality of 
water can impact quality of life.  The presence of trace metals, whether natural or 
anthropogenic, can impact water quality. Trace metals in different concentrations can 
possess both beneficial and negative health effects.  The unique environment of the 
Bolivian Altiplano makes it a probable location for high concentrations of trace metals.  
The high elevation and arid environment induces significant evapoconcentration, 
resulting in elevated concentrations of metals and other elements in the groundwater 
(Banks et al., 2004; Coudrain et al., 2001; Herrera et al., 2016; Ormachea Muñoz et al., 
2013; Rissmann, Leybourne, Benn, & Christenson, 2015).  Mining, which occurs in the 
Bolivian Altiplano, can anthropogenically cause the mobilization of trace metals (Ramos 
Ramos et al., 2014; Tapia, Audry, Townley, & Duprey, 2012).  For human health concern 
and to gain an understanding of cause and release processes, there is a need for 
investigation to identify areas with trace metal concentration, whether due to natural or 
anthropogenic causes. 
1.1 Unique Environment of the Bolivian Altiplano 
The Bolivian Altiplano possesses many characteristics that make it a unique 
environment.  The area is a flat plain of high elevation, which yields the name, “alti-“ 
from “alto-” as high or elevated and “-plano” as flat.  The elevation of the plain is 
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generally greater than 3,500 m (11,500 ft) above sea level (a.s.l) with the elevation of 
surrounding mountains exceeding 5,000 m (16,400 ft) a.s.l.  Figure 1 shows an image of 
the plain bordered by mountains, a typical view throughout the Altiplano. The Mount 
Sajama Volcano, which is west of this paper’s study site, peaks at an elevation of 6,542 
m (21,460 ft)  a.s.l. (Banks et al., 2004). 
 
 
Figure 1 View of the Altiplano from atop a hill looking down on the study area, Llojlla 
Grande  
The climate of the Bolivian Altiplano is arid to semi-arid (Banks et al., 2004; Li, 
Donselaar, Hosseini Aria, Koenders, & Oyen, 2014; Ormachea Muñoz et al., 2015; 
Ramos Ramos et al., 2014).  In the northern portion, the annual precipitation is 
approximately 800 mm while in the southern portion, it is approximately 200 mm 
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(Argollo & Mourguiart, 2000; Li et al., 2014).  There is a high potential for 
evapotranspiration, ranging from 1,241 mm to above 1,500 mm per year (Herrera et al., 
2016; Li et al., 2014; Ramos Ramos et al., 2014; Risacher & Fritz, 2009).  The 
temperature is frigid with an average annual temperature of 7°C (Ormachea Muñoz et al., 
2015).  In addition to a semi-arid climate, the flat topography is very pronounced.  The 
surface hydraulic gradient is typically about 1% (Coudrain et al., 2001).  The Rio 
Desaguadero, which flows near this paper’s study site, is the only perennial stream in the 
area and is the only drainage outlet of Lake Titicaca. The topographic slope is about 
0.44% throughout the Rio Desaguadero watershed (Coudrain et al., 2001).  
The Altiplano is bordered on the east and west by two mountain ranges: the 
eastern and western chains of the Andes Mountain Range (Cordilleras).  The eastern 
range, also known locally as the Cordillera Oriental, is comprised of north-
south/northwest-southwest trending mountain ranges and valleys.  The highest altitude is 
5,000 m a.s.l. It consists of intensely folded and thrusted Paleozoic sequence (Coudrain et 
al., 2001).  The dominant local rock of the Altiplano is andesitic.  Andesitic weathering is 
a source of calcium, magnesium, sodium and possibly potassium.  While those are the 
dominant elements, general trace metals likely also originate from andesitic weathering 
(Herrera et al., 2016).  The uppermost layer is made up of aeolian and alluvial sediments 
(Ormachea Muñoz et al., 2013).  Alluvial, volcanogenic and evaporite deposits in the 
region are of Late Tertiary to Quaternary age (Banks et al., 2004; Coudrain et al., 2001).  
Specific to the community of this study, the local rock source is undifferentiated surficial 
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deposits from the Holocene and Pleistocene eras, seen as numerical value 10 in Figure 2 
below.  Soil sample locations are indicated by the red arrow at the top right of the map.  
 
Figure 2 Geologic Map for the Bolivian Altiplano 
(Marsh, Sherman P., Richter, Donald H., Ludington, 
Steve, Soria-Escalante, Eduardo, and Escobar-Diaz, 
1995) 
Groundwater is recharged from several sources. A large source of recharge includes 
rainfall and snowmelt (Herrera et al., 2016; Montgomery, Rosko, Castro, Keller, & 
Bevacqua, 2003).  Some aquifer recharge is sourced from runoff infiltration and streams.  
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The Rio Desaguadero is a source of aquifer recharge in its watershed area (Coudrain et 
al., 2001).  In the Chilean portion of the Altiplano, a study measured the transmissivity of 
the basin to be 4,000 m2 per day (Montgomery et al., 2003).  Some of the salinity is 
caused by buried salt deposits (Herrera et al., 2016).   
1.2 Llojlla Grande 
 The study focuses on a community in the Bolivian Altiplano named Llojlla 
Grande.  Figure 3 depicts the study location.  The community consists of approximately 
189 people relying on 34 shallow groundwater wells as their potable water supply.  The 
wells have been tested, and the well water was found to contain dissolved trace metals 
including arsenic, manganese and high levels of coliform bacteria.  The study location 
overlaps the project area of the Engineers Without Borders chapter of Southern Methodist 
University (EWB-SMU).  Figure 4 shows the welcome ceremony upon arrival to the 
Llojlla Grande community.  EWB-SMU’s project is to design and install two deep 
groundwater wells to provide cleaner drinking water.  Approximately 10.5 km away, the 
North Texas Professional chapter of Engineers Without Borders has a project in the 
community of Culli Culli Alto.  The elevation of the Llojlla Grande community ranges 
from 3,746-3,758 m above sea level (a.s.l).  Figure 5 shows the community boundary 
with soil and water sample locations for this study.  
 6
 
Figure 3 Panels a and b show the country of Bolivia (outline in yellow in panel a). Panel 









Figure 5 Water and Soil Samples Taken in the Llojlla Grande Community. Samples are 
grouped as north (LGBS10/LGBW13 and above) and south (LGBS6/LGBW4 and 
below).
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1.3 Characteristics of Trace Elements  
Ions are often introduced to the environment via weathering reactions, including 
chemical weathering.  Differing environments yield different chemical weathering 
reactions and characteristics.  Oxidizing conditions yield Fe-oxides while reducing 
conditions result in dissolved iron.  Chemical weathering may impact the rate of overall 
weathering.  For example, dry air yields slower rock decay (Krauskopf, 1982). 
Once weathered, many factors impact the mobility of trace elements.  Some 
factors include incorporation into secondary phases or precipitation as hydroxides.  Other 
factors include adsorption by clay minerals, organic matter, or iron/manganese 
oxides/hydroxides.  Trace elements can also undergo uptake by plants and organisms, 
form simple or complex ions, or can adsorb as ions on colloidal particles (Fleming, 
1983). 
In this paper, elements of interest are organized into three groups: oxoanions, 
organophilic metals and divalent cations.  Oxoanions are defined as elements that often 
complex with oxygen to form anions, such as AsO42-.  Oxoanions discussed in this paper 
include arsenic, vanadium, chromium and selenium.  Organophilic metals are defined as 
metals that have an affinity for organic matter.  Organophilic metals analyzed in this 
study include uranium, cobalt and copper.  Divalent cations are elements often found in a 
2+ oxidation state, such as Pb2+.  Divalent cations studied in this paper include lead, 
nickel and zinc.  
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1.3.1 Oxoanions: Chromium, Vanadium, Arsenic and Selenium 
1.3.1.1 Chromium 
Chromium is a steel-gray, hard brittle metal found in Group 6 of the transition 
metals.  Average chromium concentration in soils is 54 ppm with a range of 1-2,000 
mg/kg, although some sources have seen a range up to 3,000 mg/kg (Lado, Hengl, & 
Reuter, 2008; Shacklette & Boerngen, 1984).  The concentration of chromium depends 
on the parent rock.  Areas with a range up to 3,000 mg/kg are most often seen in mafic 
and ultramafic rock (Alloway, 2013).  Acid igneous and sedimentary rocks contain lower 
chromium levels, with a range of 5 to 120 mg/kg (Alloway, 2013).  The highest 
concentrations of chromium are found in argillaceous sediments (Alloway, 2013).  For 
peridotites, an average of 1,800 mg/kg and 185 mg/kg for basalts (Fantoni et al., 2002).  
Anthropogenic sources of chromium include metal plating, cooling tower water 
treatment, hide tanning, and wood preservation (Shanker, Cervantes, Loza-Tavera, & 
Avudainayagam, 2005).  Chromium exists in oxidation states of 0 to VI but is most often 
found in the environment in its most stable forms of Cr(III) and Cr(VI).  Forms other than 
Cr(III) and Cr(VI) can exist transiently in living organisms (Alloway, 2013; Shanker et 
al., 2005).  The reduction of Cr(VI) to Cr(III) is a rapid reaction easily mediated by such 
reductants as ferrous iron, organic matter or microbes. The reverse reaction, oxidation of 
Cr(III) to Cr(VI) can be accomplished by manganese oxides or dissolved oxygen with 
slower kinetic reaction rates. 
Cr(III) and Cr(VI) possess very different characteristics. Cr(III) is essential for 
humans, being necessary for sugar and fat metabolism (Anderson, 1997).  Cr(III) 
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deficiency can have negative impacts, including impaired glucose tolerance, elevated 
fasting insulin, elevated cholesterol and triglycerides, and hypoglycemic symptoms 
(Anderson, 1989, 1997).  However, Cr(III) can be toxic at an elevated level of 1,000 
μg/kg/day.  Cr(VI) is much more toxic, via inhalation and ingestion, and available than 
Cr(III) (Alloway, 2013; Yang et al., 1999).  Cr(VI) is a carcinogen and may even cause 
death to animals and humans if swallowed in large enough doses (ATSDR-CDC & 
Wilburg, S., Ingerman, L., Citra, M. Osier, M., Wohlers, 2000).  It can potentially lead to 
lung cancer via the pathway of inhalation (Hooda, 2010).  Cr(VI) is toxic because it is an 
oxidizing agent with free radicals that are formed during the reduction of Cr(VI) to 
Cr(III) (Shanker et al., 2005).  Because of this known toxicity, the World Health 
Organization (WHO) has set a limit of 50 μg/L for Cr(VI) (WHO, 2017).  This limit can 
be exceeded naturally depending on the type of rock surrounding the drinking water 
source.  For example, areas with ophiolitic rocks have seen naturally occurring elevated 
levels of Cr(VI) in groundwater (Alloway, 2013; Fantoni et al., 2002). 
Chromium can form an oxide mineral with iron known as chromite, which is the 
primary geological source of chromium (Alloway, 2013).  Cr(VI) is typically found in 
groundwater bound to oxygen as an anion in the form of chromate (CrO42-) or dichromate 
(Cr2O72-) (Alloway, 2013; Shanker et al., 2005).  The presence of Cr(III) versus Cr(VI) is 
largely dependent on pH and redox conditions. Typically, Cr(III) is the dominating 
species (Alloway, 2013; Lado et al., 2008; Yang et al., 1999).  Chromium sorption is also 
largely dictated by pH and redox conditions.  At a higher pH, less Cr(VI) is adsorbed 
onto the solids (Yang et al., 1999). In general, Cr(III) adsorbs much greater than Cr(VI) 
 12
because Cr(III) exists as a cation, while Cr(VI) exists as an anion with oxygen (CrO42- or 
Cr2O72-). 
1.3.1.2 Vanadium 
Vanadium is a widely abundant lithophilic element with an average concentration 
of 100 mg/kg in the earth’s crust and a range of 98-230 mg/kg.  Vanadium exists in 
oxidation states of II, III, IV, and V but is most found as V5+ in weathering conditions.  
Because it is most often found as V5+, it is similar to cations like As+5 and Mo+5 
(Mukherjee, 2008).  Anthropogenic sources of vanadium include combustion of coals and 
oils.  As a major trace element in petroleum products it can be used as a marker for fossil 
fuel air pollution (Dundar, 2006; Liu, 1999).  
Vanadium is a nutrient at low concentrations and a toxin at elevated 
concentrations.  It is beneficial to plant growth and essential in biological processes, 
although the necessity in higher plants has not yet been determined (Liu, 1999).  Wang 
and Liu (1999) studied the detrimental effects of vanadium at elevated concentrations and 
determined soil type greatly impacts the effects that of elevated vanadium on soybean 
seedlings (Liu, 1999).  Akoumianaki-Ioannidou et al. discovered that vanadium did not 
harm the growth of sweet basil up to a concentration of 40 μg/L (Ioannidou, Barouchas, 
Kyramariou, Ilia, & Moustakas, 2015).  They found vanadium replaces both iron and lead 
in the sweet basil leaves, yielding a negative outcome due to less iron nutrition but a 
positive outcome because of less toxicity from lead.  
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1.3.1.3 Arsenic 
Arsenic belongs to the fifth group of the periodic table.  It can exist with oxidation 
states of +V, +III, 0 and -III but is most commonly found as As(III) and As(V) (Jadhav et 
al., 2015; Ormachea Muñoz et al., 2013).  The determination of As(III) versus As(V) 
largely depends on the redox environment.  As(III) can be found in anaerobic waters.  
Upon contact with oxygen, As(III) is converted to As(V), although the conversion is not 
instantaneous and it is possible to find As(III) in aerobic environments (Bundschuh & 
Maity, 2015). 
Arsenic can occur naturally or as a result of anthropogenic activities.  Natural 
arsenic comes from weathering of parent rock (Alloway, 2013).  Source rocks that 
typically have elevated concentrations of arsenic include shales, clays and phosphorites. 
Other rock types, such as sandstones, limestones and igneous rock, typically have lower 
concentrations of arsenic (Alloway, 2013).  Average estimates of arsenic in soils range 
from <0.1-97 mg/kg (Shacklette & Boerngen, 1984).  It is estimated that the world 
background for arsenic in groundwater is 0.5-0.9 μg/L (Alloway, 2013).  Concentrations 
of arsenic can vary between the flooding and dry seasons because of the 
oxidation/reduction and methylation/demethylation of arsenic (Wang & Mulligan, 2009).  
Anthropogenic sources of arsenic include mining, organic and inorganic fertilizers, 
pesticides and biosolids (Alloway, 2013)  
Arsenic is well known for human toxicity at elevated concentrations.  Health 
effects of arsenic include neurotoxicity, cardiovascular effects, increased risk of cancer, 
gastrointestinal problems, and arsenicosis (Jadhav et al., 2015; Ormachea Muñoz et al., 
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2013).  Arsenic can cause skin cancer and cancer of internal organs such as the liver 
(Sracek, Bhattacharya, Jacks, Gustafsson, & Von Brömssen, 2004).  Arsenic can 
negatively impact metabolic processes through coagulation of proteins and formations of 
complexes with co-enzymes, inhibiting the production of adenosine triphosphate (ATP).  
Methods of adsorption of arsenic into the body include through the lungs and intestines 
(Sracek et al., 2004).  Because of these known toxic effects, the World Health 
Organization (WHO) set a health limit of 10 μg/L (WHO, 2017).  
1.3.1.4 Selenium 
Selenium is an essential micronutrient for humans and animals but is potentially 
toxic even at relatively low levels of intake (Alloway, 2013).  It is not very abundant and 
is typically found in soils at levels below 1 mg/kg (Pilon-Smits, Quinn, Tapken, 
Malagoli, & Schiavon, 2009).  It can exist in oxidation states of -2 to +6 but at pH above 
6 is most often found as +4 or +6.  Selenium can be found bound to oxygen as selenate 
(SeO42-) or selenite (SeO32-).  Selenite is the dominant form of inorganic selenium in soils 
with high organic matter.  In soils with more than 1.6% organic matter, over 60% of 
selenium is bound to organic matter (Alloway, 2013).  As soil weathering increases, 
selenite adsorption also increases (John, Saunders, & Watkinson, 1976).  Average 
naturally occurring concentrations of selenium are higher in common sedimentary rocks, 
particularly shale and coal, compared to igneous rocks, such as basalt, andesite and 
granite (Andren, Klein, & Talmi, 1975). 
Selenium is not considered essential for flowering plants but is beneficial for the 
reduction of oxidative stress, increased biomass and increased seed production (Broadley 
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et al., 2006; Hartikainen, 2005; Lyons et al., 2009).  Selenate is the form of selenium that 
readily transports from roots to shoots.  Selenium toxicity is much less common than 
selenium deficiency and occurs in places with both high selenium and high 
bioavailability for uptake by plants (Alloway, 2013).  Symptoms of chronic intake of 
toxic levels of selenium include hair and nail loss, dental issues as well as nervous and 
skin disorders (Sun, 1983).  Symptoms in livestock include poor condition, hair loss and 
hoof sloughing (K. S. Dhillon, Dhillon, & Thind, 2008; S. K. Dhillon & Dhillon, 2000). 
1.3.2 Organophilic Metals: Copper, Cobalt and Uranium 
1.3.2.1 Copper 
Copper is the 26th most abundant element in the lithosphere, with background 
concentrations in soil depending on the geology of the parent rock (Alloway, 2013).  The 
average amount of copper found in soils is 25 mg/kg with a range of <1-700 mg/kg 
(Shacklette & Boerngen, 1984).  Copper can be found as cuprous (Cu+1), cupric (Cu2+) 
and trivalent copper (Cu+3) and is most often found in its divalent form (Alloway, 2013).  
Available copper is affected by pH.  Higher soil pH yields less available copper (Stuckey, 
Neaman, Ravella, Komarneni, & Martínez, 2008).  While competition affects sorption of 
all metals, copper sorption is less affected by competition from other cations.  In soils 
with cadmium, zinc, nickel, lead and copper, copper and lead take priority in sorption 
(Echeverría, Morera, Mazkiarán, & Garrido, 1998; Usman, 2008). 
Copper is an essential trace element and essential to the health of all living 
organisms (Alloway, 2013). The recommended daily intake of copper for humans is 1-2 
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mg/day (WHO, 1996).  A symptoms of copper deficiency in plants is losses in crop yield 
(Alloway, 2013).  However, in elevated levels, copper can be toxic to plants, 
invertebrates and micro-organisms.  At levels between 5 and 50 mg/kg, copper has been 
found to be toxic (Alloway, 2013).  Methods of remediation of toxic levels of copper 
include removal and off-site treatment or landfilling and on-site stabilization.  Ways of 
stabilizing in situ include increasing pH and adding organic matters or oxides (Stuckey et 
al., 2008).  
1.3.2.2 Cobalt   
Cobalt is an essential nutrient and is a part of Vitamin B12. A deficiency of B12 
means a deficiency of cobalt, which largely affects ruminant animals such as cattle and 
sheep (Underwood & Suttle, 1999).  Cobalt is also an essential nutrient for plants for 
legume nitrogen fixation (Alloway, 2013).  It can enhance drought resistance and may 
enhance herbivore defense (Pilon-Smits et al., 2009).  Cobalt contamination and toxicity 
are rare.  In normal soils, manganese oxides act as a sink for cobalt.  In poorly drained 
soil, more cobalt is available to plants due to water rather than air in the soil pores 
creating reducing conditions.  It is not very abundant, found in a range of 15-25 mg/kg in 
soils and an average of 0.04 mg/L in natural waters (Pilon-Smits et al., 2009).  Cobalt 
concentration in soil largely depends on parent rock.  The greatest concentrations of 
cobalt and manganese are found in ultrabasic and basic rocks (serpentine and basalt) as 
well as fine-grained sediments (shales) (Alloway, 2013).  The lowest concentration of 
cobalt is found in coarse-grained sediments (sandstones) (Alloway, 2013). 
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1.3.2.3 Uranium 
All forms of uranium are naturally radioactive, with 235U being the basis for 
nuclear fission reactions (Alloway, 2013).  Uranium is both chemotoxic and radiotoxic, 
with the possibility of being hazardous to both ecosystems and human health.  In areas 
with U-rich rocks, uranium is elevated in groundwater and 238U is the most abundant 
isotope of uranium.  The average concentration of uranium in the earth’s crust is 2.8 
mg/kg with most rocks containing a range of 1-4 mg/kg (Smedley, Smith, Abesser, & 
Lapworth, 2006).  Rocks that are relatively enriched in uranium include black shales, 
phosphorites, clays, limestones and some sandstones.  The speciation of uranium in soil 
and water depends on pH and redox status.  Uranium can occur naturally in +2, +3, +4, 
+5, +6 valence states, most commonly found in hexavalent form with oxygen as uranyl 
ion UO22+ (Guidelines & Rev, n.d.).  The most important oxidation states of uranium are 
+4 and +6, with U(VI) being the dominating species in oxidizing environments (Yang et 
al., 1999).   U(VI) sorption is greatly affected by soil pH because it affects U speciation 
and the number of cation exchange sites (Yang et al., 1999). 
There is no known function of uranium for the health of plants or humans. 
Uranium can have adverse reproductive effects.  Many health effects of uranium are only 
suspected and do not have enough data to prove causation.  Because of known and 
suspected adverse effects, the World Health Organization (WHO) set a provisional 
guideline of 30 μg/L (WHO, 2017).  However, depleted uranium is not known as a 
significant health hazard unless ingested via food or drink or through wounds.  Sources of 
uranium contamination include mining, processing of uranium ores, nuclear reactor 
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operations, leakages from wastes, accidents at nuclear sites, manufacture and testing/use 
of nuclear weapons, aerosol particles and fly ash from coal-burning for electricity 
generation, and long-term application of P fertilizers (Alloway, 2013).  
1.3.3 Heavy Elements: Lead, Nickel, Zinc 
1.3.3.1 Lead 
Lead is a toxic metal that is not essential or beneficial for any living organism 
(Alloway, 2013). It can be found in oxidation states of 0, +2 and +4 but primarily exists 
in a +2 oxidation state (Alloway, 2013; Yang et al., 1999).  Total dissolved lead 
concentrations exist in uncontaminated soils in a range of 2 to 200 mg/kg with an average 
of 16 mg/kg (Yang et al., 1999).  In reduced soils, lead is often found bound to sulfur as 
PbS and in oxidized soils as Pb2+ ion.  In the absence of appreciable humic matter, lead is 
more strongly sorbed than other heavy metals such as copper, zinc, cadmium and nickel 
(Echeverría et al., 1998; Usman, 2008).  Aqueous speciation of lead depends on pH and 
complexing ligands.  With complexation, there is greater solubility of Pb-bearing solid 
phases.  Lead can be found sorbed onto clays, hydroxides, oxyhydroxides and organic 
matter (Yang et al., 1999). 
In modern times, lead was primary used as an anti-knock agent in gasoline, 
pigments in paints, and in automobile batteries, leading to wide spread anthropogenic 
contamination. Today, lead is still used primarily in the production of lead-acid batteries, 
solder and alloys (WHO, 2017). Lead has been used in fertilizer in the past, although 
impact of fertilizer use on soil contamination with lead is limited (Hooda, 2010).  Lead is 
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known to be toxic to humans, with children being particularly vulnerable. However, plant 
uptake of lead is limited. In order to be exposed to lead, one would have to ingest the soil 
particles containing lead (Hooda, 2010).  Lead in drinking water largely stems from 
corrosion of lead pipes and is often not present from natural sources (WHO, 2017).  Lead 
has several known health effects, including neurodevelopmental effects.  It can 
negatively impact pregnancy and fertility, renal function and can cause hypertension and 
death.  Because of known negative side effects, WHO set a guideline of 10 μg/L (WHO, 
2017). 
1.3.3.2 Nickel 
Nickel is a silvery white, hard, malleable metal with its first known use in the 
Bronze Age in Mesopotamia in 3500 BC.  Nickel can be found in +1, +2 and +3 
oxidation states but the dominant form is Ni(II) (Alloway, 2013).  The average 
abundance of nickel in soils is about 19 mg/kg but can be found in a range from <10-700 
mg/kg (Shacklette & Boerngen, 1984).  Nickel is found in igneous rocks and in all 
geochemical phases of mineralogical cycles, including metamorphic, sedimentary rocks, 
soils and sediments (Uren, 1992).  Nickel is siderophillic, with an affinity for iron as well 
as sulfur.  It can form sulfides, arsenides, antimonides, niccolite and briethauptile and is 
also associated with carbonates, phosphates and silicates.  The concentration of nickel 
naturally found in soils is dependent on the parent material as well as the process of soil 
weathering.  In addition to natural sources, nickel contamination in soil can occur 
anthropogenically from near smelter or plating works, mining activity and P-containing 
fertilizers and wastes (Alloway, 2013; Fay, Wilbur, Abadin, & ATSDR, 2005).  
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Nickel is an essential element for bacteria, plants and domesticated animals.  Its 
essentiality is uncertain in humans.  In high doses, nickel is toxic and carcinogenic, 
potentially damaging to proteins and nucleic acids (Alloway, 2013).  The most common 
negative side effect from nickel is allergic reactions.  Allergic reactions to nickel are 
often nickel found in jewelry, such as earrings.  In very high concentrations, nickel can 
cause stomachaches, kidney problems and increased red blood cells, but this is at 
concentrations 100,000 times greater than typical drinking water. For workers in nickel 
refineries or processing plants, serious side effects of nickel include chronic bronchitis, 
reduced lung function and cancer of the lung and nasal sinus (Fay et al., 2005). 
1.3.3.3 Zinc 
Zinc is the 24th most abundant element on earth and is a micronutrient to all biota 
as well as a toxic element at elevated concentrations.  It is naturally occurring in soils at a 
typical background average of 55 mg/kg and a range of 10-100 mg/kg (Alloway, 2013).  
It is found in soils with a +2 oxidation state, as Zn2+.  The solubility of zinc is controlled 
by sorption reactions.  Upon the addition of zinc to soil, there is an initial rapid reaction 
and slower reactions occur afterwards, known as “fixation” or “ageing.”  Generally, clay 
soils have higher zinc concentrations than sandy soils (Alloway, 2013).  Zinc can occur 
naturally or anthropogenically, occurring anthropogenically via atmospheric deposition, 
fertilization and sewage sludge application.  Areas where zinc can cause a negative 
impact on the soil ecosystems are areas with anthropogenic sources of zinc, such as zinc 
smelters, mining sites and under galvanized structures (Alloway, 2013; Hooda, 2010).  
However, while zinc can be toxic to all organisms, there are no known cases of chronic 
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zinc poisoning because the phytotoxicity barrier limits zinc transfer.  Zinc is also a 
necessary nutrient.  Zinc deficiency is a worldwide problem. It is necessary for metabolic 
function (Hooda, 2010).  Too little zinc can result in growth retardation, delayed sexual 
and skeletal maturation and behavioral effects (Alloway, 2013). 
1.4 Thesis Question 
This study investigates the occurrence of trace metals and metalloids in near-
surface soil and shallow groundwater.  The area of this study is a largely unexplored 
location that has not been studied in depth.  It is more northern than most studies of the 
Bolivian Altiplano.  Despite a small study area, there is wide variation of metal(loid) 
concentration in soil and groundwater throughout the community.  The study uses GIS 
software, specifically ArcGIS, to perform spatial analysis.  The study pairs water and soil 
element concentration through spatial comparison to determine possible release 
mechanisms for trace elements of concern.  Because the soil samples are depth-resolved, 
they are also time-resolved in terms of degree of weathering.  The goal of this study is to 
determine the spatial and depth-resolved occurrence and distribution of heavy 
metal(loids) in a representative community in the Bolivian Altiplano. 
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2 METHODS  
 
2.1 Field Sampling Methods 
Field sampling was completed by graduate student Lizzie Wilson in January 2017 
in partnership with Engineers In Action (EIA), a Bolivian non-governmental 
organization.  Shallow groundwater and soil samples were taken in and around the Llojlla 
Grande community.  The location of Llojlla Grande was selected because it shared a 
location with an Engineers Without Borders-SMU project.  An EIA-provided translator 
helped facilitate communication between the graduate student and the Llojlla Grande 
community during sampling.   
2.1.1 Soil Coring 
A soil corer was used for soil samples.  16 locations were sampled using a random 
sampling method.  The depth of soil samples ranged from 15-90 cm. A homogenized 
sample was taken every 30 cm.  In this paper, depths were grouped from upper (surface 
to 30 cm) and lower (30 to 90 cm).  The majority of samples were taken within the 
community boundary.  Figure 6 shows the soil sampling in process while Figure 7 shows 
the soil sampling equipment.  Soil samples were labeled as LGBS, signifying Llojlla 
Grande Bolivia Soil, followed by an identifying number. 
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Figure 6 Soil sampling performed by graduate student investigator and thesis author 
Lizzie Wilson. 
 
Figure 7 Soil sampling equipment, including mallet, soil corer and notebook. 
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2.1.2 Water Sampling 
Water was sampled from 14 shallow hand dug wells.  Buckets were first rinsed 
and then used to collect the water.  A Nalgene® 500 mL bottle was rinsed with the 
sampled source water and then filled for sampling.  6 mL of sample was immediately 
filtered with a 0.45 μm PTFE filter with a polypropylene syringe into four 
microcentrifuge tubes and preserved with three drops of 33% HNO3 for more accurate 
metals analysis in the laboratory.  Two microcentrifuge tubes were filled with unfiltered 
water.  The remaining sample was kept in the Nalgene® bottle for immediate readings of 
temperature, oxidation reduction potential (ORP), and conductivity using a YSI 556 MPS 
Meter and Probe. pH was measured using pH test strips.  GPS location coordinates were 
taken at every sampling site.  Water samples were labeled as LGBW, signifying Llojlla 
Grande Bolivia Water, followed by an identifying number. 
 
Figure 8 Water sampling performed with the assistance of the translator provided by 
Engineers In Action. 
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2.2 Laboratory Methods 
2.2.1 Sieving 
After drying in an oven overnight at 105°C, soil samples were crushed for a 
roughly uniform amount of time with mortar and pestle.  Samples were then individually 
placed in a set of U.S.A Standard Testing Sieves, A.S.T.M. E-11 Specification, made by 
VWR.  The fractions were No. 10 (2.0 mm), No. 20 (850 μm), No. 40 (425 μm), No. 60 
(250 μm), No. 100 (150 μm), No. 200 (75 μm), and the remaining fraction (<75 μm).  
The sieves were shaken until complete sieving was ensured.  Each fraction was measured 
individually in aluminum weigh boats. 
2.2.2 Loss on Ignition 
Approximately 1 g of each sample was placed in a massed crucible and dried 
overnight at 105°C in an oven. The samples were then cooled and massed to obtain the 
dry mass of soil.  Next, samples were placed in a Thermo muffle furnace pre-heated to 
550°C and allowed to heat at that temperature for 6 hours.  Once crucibles were cooled, 
they were massed to obtain the loss on ignition at 550°C.  Samples were next placed in 
the muffle furnace and the temperature was ramped up to 950°C.  Once the furnace 
reached 950°C, the samples were heated for 4 hours.  Crucibles were allowed to cool and 
samples were massed again.   
Loss on ignition at 550°C was calculated using the following equation (Heiri, 






Where LOI550 is the loss at 550°C as a percentage, DW105 is the dry weight before 
combustion and DW550 is the dry weight after heating at 550°C.  Loss on ignition at 





Where LOI950 is the loss at 950°C as a percentage, DW550 is the dry weight after heating 
to 550°C and DW950 is the dry weight after heating to 950°C. 
2.2.3 Sequential Extraction  
Concentration in the sediment cores was quantified using the sequential extraction 
method according to a modified version of Tessier 1979.  The five fractions were as 
follows: 
Phase A, exchangeable: 1 g dry sediment sample was placed in a 50 mL 
centrifuge tube and 8 mL of magnesium chloride (1 M MgCl2) at pH 7 was added to to 
sample.  The sediment was extracted at room temperature for 1 hour using a rotary bed at 
160 r/min.  
Phase B, bound to carbonate: 8 mL of acetic acid (1 M NaOAc) adjusted to pH 5 
with HNO3 was added to the residue in the centrifuge tube from Phase 1.  Phase 2 was 
extracted for 5 hours at room temperature. 
Phase C, bound to Fe-Mn oxides: 20 mL hydroxylamine hydrochloride (0.04 M 
NH2OH∙H2O) adjusted to pH 2 with HNO3 was added to the residue from Phase 2 and 
extracted for 16 hours at room temperature.  
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Phase D, bound to organic matter:  The residue from Phase 3 was mixed with 
3mL of 0.02 M HNO3 and 5 mL of 30% hydrogen peroxide (H2O2) at pH 2 and digested 
at room temperature for 1 hour with occasional shaking.  Then, the centrifuge tube was 
placed on a hot block at 85C for 1 hour. This procedure was repeated.  This was then 
diluted with 5 mL of 1M HNO3. 
Phase E, residual: The residue from Phase 4 was digested in concentrated HNO3.  
12 mL of HNO3 was added to each sediment sample in a fume hood.  
Following each extraction from Phase 1 to 4, the mixtures were centrifuged at 
4000 rpm for 10 min and the supernatant was sampled.  Subsequently, the remainder of 
the sediment was triple washed in 10 mL of 18.2 ΜΩ distilled, deionized water between 
steps.  The supernatant of each step was analyzed for arsenic and other metals using 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) .  Each digested sample was 
transferred and filtered to a 15 mL centrifuge tube for double dilution of 1:10,000 using 
5% HNO3.   
2.2.4 Total Digestion  
Approximately 0.75 g of each sample was placed in a PTFE tube of known mass.  
The tubes were filled with 20 mL of 70% HNO3 and heated in an aluminum block at 
80°C until dryness.  Upon reaching dryness, the dissolved ions were picked up in 10 mL 
of HNO3.  This is then filtered and placed in microcentrifuge tubes for dilution and 
analysis on the ICP-MS.  
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2.2.5 ICP-MS 
Solution phase metal concentrations were analyzed using a Thermo Scientific X-
Series 2 ICP-MS.  The instrument used 5% HNO3 matrix, prepared from trace metal 
grade concentrated 65-70% HNO3 and 18.2 mΩ Nanopure water.  Elements with an 
atomic mass above 40 g/mol were analyzed in collision cell technology-kinetic exclusion 
discrimination (CCT-KED) mode.  Samples were diluted with 5% HNO3 to 
accommodate a calibration concentration range of 0.5 µg/L to 25 µg/L.  A blank sample, 
composed of 5% HNO3, was measured every ten to fifteen samples.  Blanks were used to 
verify sufficient washout time between sample runs and to monitor drifting during 
instrumental analysis.  Instrument calibration used standards ranging from a 
concentration of 0 to 25 µg/L, with a high standard of 50 μg/L when measuring for iron.  
High quality standards were prepared from SPEX CertiPrep Multi-Element Solution 2A 
diluted with 5% HNO3.  Sample concentrations were processed in Excel spreadsheets.  
Mass uncorrected results from the instrument were calibrated with uncorrected 
instrument values of known standard concentrations.  Calibration curves with an R2 of 
0.999 or higher were used in combination with blank subtraction and dilution factors to 
convert uncorrected instrumental values to concentrations. 
2.3 Computer Methods 
2.3.1 QGIS – Field 
 A Garmin etrex 20 GPS was used to take GPS points.  QGIS was used in the field 
to ensure an even spatial distribution of soil samples.  The GPS points were loaded into 
QGIS and placed onto the map of the Llojlla Grande community.  New soil sampling 
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locations were selected each day based on the QGIS mapping of previous sample 
locations.  
2.3.2 ArcGIS – Data Processing  
Generation of choropleth interpolation maps was performed using ESRI ArcMap 
10.1, licensed through Southern Methodist University.  GPS points collected on the 
sampling trip were gathered in an Excel spreadsheet in the decimal degree format.  Any 
relevant chemical data associated with each sampled point was loaded into the Excel 
spreadsheet with their associated site name and GPS point, such as pH, temperature and 
ORP, as well as data collected from the ICP-MS.  The GPS data from the Excel 
spreadsheet and associated chemical data was loaded into the map using the WGS 1984 
Geographic Coordinate System.  
Using the Spatial Analyst Extension in ArcGIS, the Natural Neighbor 
interpolation method is used to generate interpolated choropleth maps.  The method uses 
an algorithm that takes the closest points near a query point and applies weights to the 
area based on proportionate areas to interpolate a value.  Within the software, Voronoi 
polygons are drawn around the input points.  Next, at each interpolation point, a new 
Voronoi polygon is drawn and the percentage of overlap between the new polygon and 
the original polygons are used as the weighting.  This is in contrast with the Inverse 
Distance Weighted (IDW) method, which applies similar weights to points at similar 
distances to the interpolation point.  The Natural Neighbor method was selected over 
other methods because when using the default settings, the interpolated areas matched the 
actual value of the input points.  When using the default IDW settings, the subset 
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interpolation area surrounding an input point would not always match the value of the 
input point.  
The data was loaded in with the input point features.  The default cell size was 
used. Upon generation of the natural neighbor layer, the layer class breaks were changed 
to be generally evenly divided among the data points.  
2.3.3 Excel 
Excel was used for the majority of data processing.  In addition to pre-processing 
for ArcGIS, Excel was used to generate correlation plots, stack plots, Box and Whisker 
plots and generate coefficients of determination (r2) values.  For Box and Whisker plots 
and r2 calculations, the sample size (n) is greater than or equal to 9 unless otherwise 
stated.   
One of the major outputs of this paper is empirical relationships.  Correlation 
plots and r2 values were generated to look for relationships across different elements.  An 
r2 of close to 1 suggests a correlation between two elements.  For analysis of correlations 
and r2 values, the terminology of relationship, trend and correlation are used 
interchangeably in this paper.  
  
 31
3 RESULTS  
 
 After total digestion and sequential extraction experiments were completed, data 
analysis was performed, and three groupings of elements were identified.  Those 
elements are grouped as organophilic metals, oxoanions and divalent cations.  
Organophilic metals include elements that are often associated with organic matter, such 
as uranium, copper and cobalt.  These elements may form other minerals but are 
commonly found in organic matter (Adriano, 1986; Krauskopf, 1979)  Oxoanions are 
elements that form an anion through binding with oxygen. These elements include 
arsenic, vanadium, chromium, and selenium. An example of an oxoanion is As3O105- 
(Porterfield, 1993).  Divalent cations are M(II) elements that are found in a 2+ state, 
uncoordinated to ligands in solution, and include lead, nickel and zinc (Alloway, 2013).  
3.1 Organophilic metals 
The relationship among organophilic metals can be evaluated in coefficients of 
determination (r2) as well as in spatially divided graphs and interpolated maps.  In Table 
1, the relationship between copper and cobalt is clearly seen across all samples, with an 
r2 of 0.86.  The relationship is present across all depths and locations and is very strong in 
the upper and southern samples.  There is also a relationship between copper and 
uranium, seen in the r2 values of the lower samples and both northern and southern 
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samples.  A weaker relationship exists among uranium and cobalt for lower, northern and 
southern samples.  
 
Table 1 Matrix of Coefficients of Determination (r2) for Total Digestion results for 
Organophilic metals with increasing green shading at a range of 0.50-1.00 
Organophilic 
metals   U Co 
Cu 
Upper 0.27 0.97 
Lower 0.68 0.81 
North 0.63 0.69 
South 0.65 0.99 
All 0.54 0.86 
U 
Upper   0.24 
Lower   0.54 
North   0.57 
South   0.57 
All   0.43 
 
Sequential extraction results provide more detail into the correlations seen from 
total digestion results.  The r2 values of organophilic metals for phases that correlate are 
seen in Table 2.  Copper and cobalt have a strong relationship at all locations and depths 
for the residual.  However, their relationship is more pronounced in the upper depth, with 
a weaker correlation in the lower depths.  There was weak or no correlation in the 
northern samples for the organic phase.  Uranium and copper have a weak trend in the 
upper samples for the residual.  Manganese, which can be used as a tracer for many 
elements of interest, correlates with copper in the northern samples.  Cobalt and uranium 
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samples trend in the upper and northern samples. Cobalt and manganese correlate in the 
northern samples in the residual.  
 
Table 2 Matrix of Coefficients of Determination (r2) for selected Sequential Extraction 
results for organophilic metals with increasing green shading at a range of 0.50-1.00 
Element Phase Location U Mn Co 
Cu 
D 
Upper     0.95 
Lower     0.63 
North     0.32 
South     0.86 
E 
Upper 0.63 0.06 0.95 
Lower 0.02 0.17 0.91 
North 0.41 0.82 0.87 
South 0.14 0.36 0.94 
Co 
D 
Upper   0.47   
Lower   0.32   
North   0.78   
South 
  0.31   
E 
Upper 0.72 0.16   
Lower 0.09 0.04   
North 0.66 0.77   
South 0.16 0.55   
 
 Distribution of sequential extraction results across the different phases are seen 
below in stack plots of average results per phase.  Figure 9 shows that manganese is 
mostly found in the Fe-/Mn-oxide phase, with some occurring in the organic phase and 
very little in the carbonate phase.  Figure 10 shows that most cobalt is found in the 
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residual, although some occurs in the Fe-/Mn-oxide phase.  Figure 11 shows that the 
majority of copper is held in the residual.  Figure 12 indicates that uranium is found 
mostly across the carbonate, organic and residual.  
 
  
Figure 9 Stack plot of average manganese 
concentration recovered in each sequential 
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Figure 10 Stack plot of average cobalt 
concentration recovered in each sequential 
extraction phase (mg/kg). 
 
 
Figure 11 Stack plot of average copper 
concentration recovered in each sequential 
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Figure 12 Stack plot of average uranium 
concentration recovered in each sequential 
extraction phase (mg/kg). 
 The following pages present correlation plots for organophilic metals. Figure 13-
Figure 19 visualize the r2 values seen in Table 1 and Table 2 above.  Figure 13 shows the 
strong relationship between copper and cobalt seen across all depths and locations for 
both total digestion results and the residual results of sequential extraction.  Even in the 
organic phase of sequential extraction, copper and cobalt correlate in both the upper and 
the lower depths, with a stronger correlation in the upper depths, seen in Figure 14.  A 
correlation between cobalt and copper is seen for the southern samples, shown in Figure 
15, but was not found in the northern samples.  Copper and cobalt relate to other 
elements, including uranium and cobalt. For the residual, the relationship between copper 
and uranium is stronger in the upper depths, shown in Figure 16.  Figure 17 demonstrates 







Upper Lower North South
[U]
Average A Average B Average C
Average D Average E
 37
Figure 18 shows the weak relationship between cobalt and uranium in northern samples 
for the residual while Figure 19 shows the same relationship for the upper samples only 
for residual portion of sequential extraction.  Spatial trends are all seen in Figure 20a via 
interpolated maps.  Looking at the upper panels, a-c, the relationship between copper and 
cobalt can be seen visually, with higher values in the north versus the south and a spike in 
concentration in both maps at LGBS12 and slightly LGBS16.  The maps of the lower 
depths, d-e, show a similar correlation between copper and cobalt, with low values at the 
north and south edges and a similar spike in concentration at LGBS16 in the southeast.  
See Figure 20b for legend values. 
 
Figure 13 Correlation plot of sequential extraction results of all samples 
for the residual of copper and cobalt. 
  




















Figure 14 Correlation plot of sequential extraction results for the organic 
phase for copper and cobalt, separated by sampling depth, upper versus 
lower. 
 
Figure 15 Correlation plot of sequential extraction results for the organic 
phase for copper and cobalt, separated by location, north versus south.  
y = 0.46x + 0.09
R² = 0.95
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Figure 16 Correlation plot of sequential extraction results for the residual 
of copper and uranium, separated by sampling depth, upper versus lower.  
 
Figure 17 Correlation plot of sequential extraction results for the residual 
of copper and manganese, separated by location, north versus south.   
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R² = 0.63
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Figure 18 Correlation plot of sequential extraction results for the residual 
of copper and uranium, separated by location, north versus south.  
 
Figure 19 Correlation plot of sequential extraction results for the residual 
of cobalt and uranium, separated by sampling depth, upper versus lower.   
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Figure 20a Panels a-f show interpolation maps for upper and lower depths for copper (a, d), 
cobalt (b, e) and uranium (c, f).  The community boundary is outlined in gray and the soil 
sampling locations are signified by red dots labeled with the sample name.  
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Figure 20b Legends corresponding to values (in mg/kg) of interpolated maps in 
Figure 20a.
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3.2 Divalent Cations 
 The next grouping of elements is comprised of divalent cations, specifically Pb2+, 
Ni2+, and Mn2+.  Results of coefficients of determination (r2) values for divalent cations 
against each other from total digestion and sequential extraction results yield several 
groupings of correlations, seen in Table 3.  Figure 21 shows that the majority of nickel is 
found in the residual with some found in the organic phase.  Figure 22 indicates that zinc 
can be found across all phases.  Figure 23 shows that most lead is found in the residual 
with some found in the organic phase.  Distribution of sequential extraction results across 
the different phases are seen below in stack plots of average results per phase.  Looking 
at Table 3, manganese and lead have the only strong correlation, with trends seen in 
lower depths and north samples.  However, with weaker correlations, nickel trends with 
lead in the opposite samples, upper depths and southern samples.  This can be seen in 
Table 3  and graphically in Figure 24 and Figure 25.  
When evaluating r2 values for sequential extraction results (seen in Table 4), 
correlations that were not observed in total digestion results are found divided among the 
different sequential extraction phases.  Visualized graphically in Figure 26 and Figure 27, 
nickel strongly correlates with lead for the carbonate phase in the upper samples and 
southern samples but not the lower or northern samples.  The relationship is particularly 
strong in the upper samples.  Seen in Figure 28 and Figure 29, the southern and upper 
samples correlate for the Fe-/Mn-oxide phase for lead and nickel while the northern and 
lower samples do not.  In the organic phase, lead does not trend with nickel or 
manganese, but does correlate with zinc, seen in Figure 30 and Figure 31.  Zinc correlates 
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strongly with lead in the lower samples and weaker in the northern samples for the 
organic phase. For the residual, zinc correlates with lead only in the northern samples, 
visualized in Figure 32. Similarly, zinc correlates with manganese in the residual only for 
the northern samples, seen in Figure 33. Manganese strongly trends with lead in the 
northern samples and also correlates in the lower samples in the residual, graphed in 
Figure 34 and Figure 35. Opposite those relationships, lead and nickel trend only in the 
upper depths and southern samples for the residual, graphed in Figure 36 and Figure 37.  
Relationships in total digestion results can be seen visually divided by location 
and depth using the interpolated maps seen in Figure 38a. The legends corresponding to 
the maps seen in Figure 38a can be found in Figure 38b. Though a weak trend, the 
correlation in the northern samples between lead and nickel is clearer in the map, with a 
spike in concentration for both elements in LGBS12. The lack of correlation in other 
elements in total digestion is also seen clearer through interpolation, and further work 
would have to be done to make interpolated maps of phase results. 
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Table 3 Matrix of Coefficients of Determination (r2) for Total Digestion results for 
organophilic metals with increasing green shading at a range of 0.50-1.00 
Divalent Cations   Ni Mn 
Pb 
Upper 0.51 0.41 
Lower 0.01 0.69 
North 0.01 0.69 
South 0.50 0.49 
All 0.03 0.56 
Ni 
Upper   0.18 
Lower   0.00 
North   0.00 




Table 4 Matrix of Coefficients of Determination (r2) for Total Digestion results for 
organophilic metals with increasing green shading at a range of 0.50-1.00 
Element Phase Location Ni Zn Mn 
Pb 
B 
Upper 0.93     
Lower 0.00     
North 0.16     
South 0.70     
C 
Upper 0.69     
Lower 0.00     
North 0.05     
South 0.64     
D 
Upper   0.05   
Lower   0.89   
North   0.58   
South   0.04   
E 
Upper 0.83 0.22 0.38 
Lower 0.00 0.09 0.70 
North 0.00 0.74 0.95 
South 0.84 0.00 0.32 
Zn E 
Upper     0.48 
Lower     0.29 
North     0.82 




Figure 21 Stack plot of average nickel 
concentration recovered in each sequential 
extraction phase (mg/kg).  
  
Figure 22 Stack plot of average zinc 
concentration recovered in each sequential 
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Figure 23 Stack plot of average lead 
concentration recovered in each sequential 
extraction phase (mg/kg). 
 
Figure 24 Correlation plot of total digestion results for manganese and 
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Figure 25 Correlation plot of total digestion results for manganese and lead 
divided by upper and lower samples. 
 
Figure 26 Correlation plot of sequential extraction results for carbonate 
phase for manganese and lead divided by north and south samples. 
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Figure 27 Correlation plot of sequential extraction results for carbonate 
phase for nickel and lead divided by upper and lower samples. 
 
Figure 28 Correlation plot of sequential extraction results for Fe-/Mn-
oxide phase for manganese and lead divided by north and south samples. 
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Figure 29 Correlation plot of sequential extraction results for Fe-/Mn-
oxide phase for nickel and lead divided by upper and lower samples. 
 
Figure 30 Correlation plot of sequential extraction results for organic 
phase for zinc and lead divided by north and south samples. 
y = 1.59x + 0.32

















Fe-/Mn-Oxide Phase Upper/Lower Pb vs. Ni
Upper C Lower C Linear (Upper C) Linear (Lower C)
y = 1.22x + 0.43
R² = 0.58
















Organic Phase North/South Pb v. Zn
North D South D Linear (North D) Linear (South D)
 52
 
Figure 31 Correlation plot of sequential extraction results for organic 
phase for zinc and lead divided by upper and lower samples. 
 
Figure 32 Correlation plot of sequential extraction results for residual of 
zinc and lead divided by north and south samples. 
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Figure 33 Correlation plot of sequential extraction results for residual of 
manganese and zinc divided by north and south samples. 
 
Figure 34 Correlation plot of sequential extraction results for residual of 
manganese and lead divided by north and south samples. 
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Figure 35 Correlation plot of sequential extraction results for residual of 
manganese and lead divided by upper and lower samples. 
 
Figure 36 Correlation plot of sequential extraction results for residual of 
nickel and lead divided by north and south samples. 
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Figure 37 Correlation plot of sequential extraction results for residual of 
nickel and lead divided by upper and lower samples. 
y = 0.90x + 0.89
R² = 0.83
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Figure 38a Panels a-h show interpolation maps for upper and lower depths for lead (a, e), manganese (b, f), nickel (c, 
f), and zinc (d, h).  The community boundary is outlined in gray and the soil sampling locations are signified by red 
dots labeled with the sample name. 
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Figure 38b Figures referencing to values (in mg/kg) of interpolated maps in Figure 38a.
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3.3 Oxoanions 
 Oxoanions were found to trend together across both total digestion and 
sequential extraction results.  The relationship among oxoanions can be seen in 
coefficients of determination (r2), seen in Table 5 and Table 6, and in spatially divided 
graphs and interpolated maps.  Stack plots for sequential extraction results are also 
presented below.  Figure 39 shows that the majority of vanadium is found in the organic 
phase, with the Fe-/Mn-oxide phase and residual also yielding some vanadium.  Figure 
40 shows that the majority of chromium is found in the residual.  Some chromium is 
released in the carbonate phase only for the lower and southern samples.  Figure 41 
indicates that arsenic is found across all phases, but the majority is found in the residual.  
Figure 42 indicates that some selenium can only be found in the Fe-/Mn-oxide phase in 
the upper and northern samples.  
Selenium has a relationship with vanadium in both total digestion and sequential 
extraction results.  In total digestion results, selenium and vanadium correlate in the 
lower samples, seen tabularly in Table 5 and graphically in Figure 43.  This is in 
contrast with sequential extraction results, where selenium and vanadium trend in the 
upper depth samples, seen in Table 6 and Figure 44.  Chromium and selenium correlate 
strongly in the northern samples, visualized in Figure 45.  This is again in contrast with 
sequential extraction results, where chromium and selenium do not trend across 
location.  In sequential extraction, chromium and selenium weakly correlate in upper 
depths, seen in Figure 46.  
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 Vanadium and arsenic trend together across total digestion and sequential 
extraction experiments.  In total digestion results, arsenic and vanadium correlate 
strongly in the south, shown in Figure 47.  There is a weak correlation across vanadium 
and arsenic for all locations, north and south, seen in Figure 48.  Looking into 
sequential extraction gives more details on the relationship of arsenic and vanadium.  In 
the Fe-/Mn-oxide phase, arsenic and vanadium trend somewhat weakly in the lower 
depths, seen in Figure 49.  The organic phase exhibits a stronger relationship between 
arsenic and vanadium, seen in Figure 50 and Figure 51.  Arsenic and vanadium trend in 
the southern samples and upper depths in the organic phase.  In the residual, arsenic and 
vanadium correlate in both the upper and lower depths, with a weak correlation in the 
lower depths, shown in Figure 52.  Arsenic and selenium correlate across all samples 
for the organic phase, visualized in Figure 53.  There is a weak correlation of arsenic 
with chromium across all depths for the organic phase, seen in Figure 54.  However, 
there is a much stronger correlation of arsenic with chromium for southern samples, 
graphed in Figure 55.  Figure 56 shows a continued trend of arsenic with chromium in 
the residual across upper and lower depths, with a strong correlation in upper samples.  
Also found in the residual is a weaker correlation between arsenic and chromium in the 
southern samples, seen in Figure 57.  Both the upper and lower samples correlate 
between chromium and vanadium in the residual, shown in Figure 58.  
 Relationships between oxoanions for total digestion results can be visualized via 
spatial interpolation in Figure 59a.   For values corresponding to the interpolation, see 
the legends in  Figure 59b.   Looking at both upper and lower samples, the spatial trend 
between arsenic and vanadium in southern samples is clearly seen with the southeastern 
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portion possessing greater concentration, southwestern portion showing less 
concentration, and the northern portion generally somewhat elevated.  A similar spatial 
trend can be seen across all oxoanions in the lower samples.  The northeastern portion 
has less concentration, while the southeastern portion has elevated concentration for all 
oxoanions.  Correlations specific to selenium and vanadium can be seen in the lower 
samples, with a lower concentration in the southeast, matching the r2 value identified in 
Table 5.  The only map with a clear difference to the other maps is selenium in the 
upper samples, which is shown statistically in the r2 values for selenium against the 
other oxoanions.   
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Table 5 Matrix of Coefficients of Determination (r2) for Total Digestion results for 
organophilic metals with increasing green shading at a range of 0.50-1.00. 
Oxoanions   As V Cr 
Se 
Upper 0.04 0.01 0.00 
Lower 0.48 0.67 0.48 
North 0.24 0.28 0.86 
South 0.10 0.05 0.00 
As 
Upper   0.50 0.01 
Lower   0.54 0.39 
North   0.37 0.28 
South   0.86 0.19 
V 
Upper     0.10 
Lower     0.44 
North     0.35 





Table 6 Matrix of Coefficients of Determination (r2) for Total Digestion results for 
Oxoanions with increasing green shading at a range of 0.50-1.00. 
Element Phase Location As V Cr 
Se D 
Upper 0.74 0.59 0.57 
Lower 0.67 0.16 0.40 
North 0.75 0.04 0.18 
South 0.57 0.39 0.41 
As 
C 
Upper   0.27   
Lower   0.62   
North   0.32   
South   0.28   
D 
Upper   0.84 0.61 
Lower   0.20 0.61 
North   0.00 0.44 
South   0.75 0.60 
E 
Upper   0.74 0.94 
Lower   0.53 0.73 
North   0.08 0.25 
South   0.52 0.81 
V 
D 
Upper     0.57 
Lower     0.32 
North     0.22 
South     0.49 
E 
Upper     0.74 
Lower     0.68 
North     0.10 
South     0.66 
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Figure 39 Stack plot of average vanadium 
concentration recovered in each sequential 
extraction phase (mg/kg). 
  
Figure 40 Stack plot of average chromium 
concentration recovered in each sequential 
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Figure 41 Stack plot of average arsenic 
concentration recovered in each sequential 
extraction phase (mg/kg). 
  
Figure 42 Stack plot of average selenium 
concentration recovered in each sequential 
extraction phase (mg/kg).  Only the C-E 
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Figure 43 Correlation plot of total digestion results for vanadium and 
selenium, divided by upper and lower depths 
 
Figure 44 Correlation plot of sequential extraction results for selenium 
and vanadium for the organic phase, divided by upper and lower depths.  
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Figure 45 Correlation plot of total digestion results for chromium and 
selenium, divided by north and south. 
 
Figure 46 Correlation plot of sequential extraction results for selenium 
and chromium, divided by upper and lower depths.  
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Figure 47 Correlation plot of total digestion results for vanadium and 
arsenic, divided by north and south. 
 
Figure 48 Correlation plot of total digestion results for vanadium and 
arsenic, divided by upper and lower depths. 
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Figure 49 Correlation plot of sequential extraction results for arsenic and 
vanadium for the Fe-/Mn-oxide phase.  
 
Figure 50 Correlation plot of sequential extraction results for arsenic and 
vanadium for the organic phase, divided by north and south.  
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Figure 51 Correlation plot of sequential extraction results for arsenic and 
vanadium for the organic phase, divided by upper and lower.  
 
Figure 52 Correlation plot of sequential extraction results for arsenic and 
vanadium for the residual, divided by upper and lower. 
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Figure 53 Correlation plot of sequential extraction results for selenium 
and arsenic for the organic phase across all depths and locations. 
 
Figure 54 Correlation plot of sequential extraction results for arsenic 
and chromium for the organic phase divided by upper and lower depths. 
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Figure 55 Correlation plot of sequential extraction results for arsenic and 
chromium for the residual divided by north and south. 
 
Figure 56 Correlation plot of sequential extraction results for arsenic and 
chromium for the residual divided by upper and lower depths. 
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Figure 57 Correlation plot of sequential extraction results for chromium 
and vanadium for the residual divided by north and south. 
 
Figure 58 Correlation plot of sequential extraction results for chromium 
and vanadium for the residual divided by upper and lower depths. 
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Figure 59a Panels a-h show interpolation maps for upper and lower depths for selenium (a, e), arsenic (b, f), vanadium 
(c, f), and chromium (d, h).  The community boundary is outlined in gray and the soil sampling locations are signified 
by red dots labeled with the sample name. 
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Figure 59b Legends corresponding to values (in mg/kg) of interpolated maps in Figure 59a.
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3.4 Pollutant Loading 
Pollutant loading values, as well as contamination factors and enrichment factors 
were calculated for elements of interest (V, Cr, Co, Ni, Zn, As, Se, Pb, U).  The goal of 
enrichment factors is to normalize concentrations to expected background concentrations 
of the parent material.  Causes of elevated concentrations may be anthropogenic but can 
occur above background naturally.  The purpose of these calculations is to determine if 
the measured concentrations are above or below what is expected.  It is suspected that 
concentrations of elements found in this study occur naturally.  Table 12 lists the values 
for contamination factor and pollution loading index (PLI) while Table 13 gives the 
results for enrichment factor.  Figure 60 spatially maps the PLI, showing elevated 
numbers throughout the community, with spikes in concentration around LGBS11 and 
LGBS12 in the upper samples and LGBS12 and LGBS16 in the lower samples.  Lower 
numbers are found at the south edge of the community for upper samples and the north 
edge of the community for lower depth samples.  
The results of enrichment factors and PLI indicate that there are elevated 
concentrations of elements above the expected geogenic values.  Typically, enrichment 
factors and PLI are used to show anthropogenic contamination.  However, the elevated 
concentrations are likely naturally occurring rather than anthropogenic.  Therefore, these 




Figure 60 Panels a and b show interpolation map for Pollution Load Index for elements of interest (Cu, U, Co, Se, 
As, V, Cr, Pb, Zn, Ni).  The community boundary is outlined in gray and the soil sampling locations are signified 
by red dots labeled with the sample name.
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3.5 Loss on Ignition 
 
 
Figure 61 Box and Whisker plot of Carbonate percentage separated by 
location and depth.  n ≥6. 
 
Figure 62 Box and Whisker plot of Organic Carbon percentage separated 
by location and depth.  n ≥6.  
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Figure 61 demonstrates the presence of calcium carbonate.  Limited variability is 
noted across depths and location, but LOI experiments document the presence of calcium 
carbonate in the samples.  Figure 62 shows a higher percentage of organic carbon in the 
upper depth northern samples compared to the lower depth.  Organic carbon is also found 
in the southern samples, although there is not a demonstrable difference between the 




Figure 63 Panels a-d show interpolated maps for CaCO3 (a, c) and OC (b, d) with corresponding legends.  The 








 Water samples were collected throughout the community.  Results are presented below. 
Generally, concentrations in water seen in Table 7 increase from north to south.  This is seen 
easily in both Box and Whisker plots, Figure 64, Figure 65, and Figure 66, and via spatially 
interpolated maps, Figure 67, Figure 68 and Figure 69.  A statistical increase in concentration 
from north to south sample is seen across all oxoanions, vanadium, selenium, and arsenic, shown 
graphically in Figure 64.  While a statistical difference is not seen for Cu and Ni, the range of 
concentration greatly increases from north to south, shown in Figure 65 and Figure 66.  These 
trends can be visualized in the spatial interpolation maps.  With the exception of LGBW14, 
concentrations of oxoanions increase from north to south in Figure 67.  This trend is also seen in 
Figure 68.  In panels b-d of Figure 68, concentration is clearly increased with the southern 
samples.  Panel a, cobalt, shows high concentration in some upper samples, but concentration of 
cobalt is generally low throughout the community.  Figure 69 shows the trend of increasing 
concentration from north to south the clearest.  The most southern wells have the highest 
concentrations.  In the interpolation map for zinc, lead and chromium are not pictured in the Box 
and Whisker plots or interpolation maps because they were below detection limit for the majority 







Table 7 Water Data from ICP-MS in μg/L for elements of interest displayed by location grouping.  Full water data for all analyzed 
elements can be found in the appendix. 
Concentration (μg/L) [V] [Cr] [Mn] [Co] [Ni] [Cu] [Zn] [As] [Se] [Pb] [U] 
North North 
W5 2.21 NM 15.19 0.52 0.34 6.35 29.81 12.14 10.44 NM 0.98 
W6 5.19 0.40 0.43 0.39 0.72 2.15 31.68 17.60 12.32 0.31 0.48 
W7 2.58 NM 15.54 1.38 NM 6.12 45.81 13.91 10.49 NM 1.08 
W8 4.22 NM 3.58 1.26 NM 6.00 28.86 16.77 9.47 NM 0.79 
W9 3.36 NM 13.93 1.81 5.33 3.51 19.69 15.44 8.08 NM 1.15 
W12 3.36 NM 5.16 0.60 NM 1.16 15.60 15.36 9.60 NM 0.57 
W13 9.64 NM  1.49 0.38 2.43 11.16 21.17 41.91 NM 0.60 
South South 
W1 7.56 3.64 174.57 1.74 49.51 24.24 NM 31.23 21.15 3.26 5.07 
W2 17.00 NM 175.15 1.08 14.69 10.29 275.38 46.04 18.58 NM 2.14 
W3 5.64 NM 21.90 1.09 0.48 5.56 45.72 22.42 13.57 NM 1.19 
W4 13.86 NM 80.92 1.02 4.56 6.94 21.40 101.67 13.28 NM 0.90 
W14 5.19 NM NM NM 0.72 2.15 31.68 17.60 12.32 NM NM 







Figure 64 Box and Whisker distribution for water samples for oxoanions.  Chromium is not 








Figure 65 Box and Whisker distribution plots for water 
analysis for organophilic metals.  n=7 for north, n=5 for 
south.  Uranium and manganese could not be plotted due 
to too few measurable data points in the south.  
 
Figure 66  Box and Whisker distribution for water analysis for 
divalent cations.  Lead and zinc were not plotted because too 







Figure 67a Panels a-c show interpolation maps for water results for vanadium (a), selenium (b) and arsenic (c).  The community 







Figure 67b Legends corresponding to values (in μg/L) of interpolated 








Figure 68a Panels a-c show interpolation maps for water results for cobalt (a), copper (b), manganese (c) and uranium (d).  The 
















Figure 69a Panels a-c show interpolation maps for water results for zinc (a) and nickel (b).  The 
community boundary is outlined in gray and the water sampling locations are signified by blue dots 







Figure 69 b Legends corresponding to values (in 






3.7 Empirical Relationships 
The results from this study can be useful for future studies through the use of empirical 
relationships.  A large portion of work in this study was linear regression analysis of solid and 
solution phase metals and metalloids.  A high correlation can suggest a relationship between two 
elements.  This can be very useful for future studies as well as soil and water management 
practices in reducing the cost of analyses by using the equation of the empirical relationship.  For 
example, cobalt and copper have a strong relationship across all samples in total digestion 
results.  Through knowing this relationship, one can be used to measure the other, meaning fewer 
elements need to be directly measured resulting in less cost of analysis.  Table 8 shows an 
example of empirical results that could have predictive value.  
Field test kits exist to measure copper in the field.  Cobalt and particularly uranium are 
more difficult to measure in the field and can be more expensive to measure even in a laboratory 
setting.  However, the use of empirical relationships can predict the concentration of elements 
that cannot be measured in the field.  Copper and cobalt have a relationship across all samples, 
with an r2 of 0.86.  The following equation can be used to estimate cobalt using measured 
copper: 
[Co] = 0.55*[Cu]+0.51   Eq. 1 
To use this equation, one would input the measured concentration of copper and an 
estimated value of cobalt can be calculated with an 86% accuracy.  Uranium is much more 
difficult to measure but concentrations of uranium at a depth between 30-90 cm can be estimated 






[U] = 0.1[Cu] + -0.16   Eq. 2 
Similar to the previous equation, the measured concentration of copper can be put into 
this equation to calculate an estimated value of lower-depth concentrations of uranium with an 
accuracy of 68%.  
Table 8 Empirical Relationships between selected organophilic metals for total digestion results. 




Variable   r2 Slope Intercept 
Co Cu 
Upper 0.97 0.59 -0.13 
Lower 0.81 0.53 0.78 
All 0.86 0.55 0.51 
U Cu 
Upper 0.27 0.05 0.51 
Lower 0.68 0.10 -0.16 
All 0.54 0.09 0.06 
 
The same method can be used for divalent cations.  A relationship was found between 
lead and manganese at depth (30-90 cm), with an r2 value of 0.69, seen in Table 9.  The 
following equation could be used to estimate lead at depths between 30-90 cm via measuring 
manganese values in the field: 
[Pb] = 0.03*[Mn] + 3.10   Eq. 3 
Measured values of manganese at a depth of 30-100 cm would be plugged into the 
equation to estimate a value of lead with an accuracy of 69%.  These methods can also be used 
for predicting water values.  A relationship of manganese with nickel and zinc was found in 
water samples, with an r2 of 0.62 and 0.79 respectively, seen in Table 10.  The following 






[Ni] = 0.18*[Mn] – 1.78   Eq. 4 
[Zn] = 0.62*[Mn] + 1.59   Eq. 5 
To use these equations, values of manganese measured in the field would be put into the 
equation, yielding estimations of nickel and zinc with an accuracy of 62% and 79% respectively.  
Table 9 Empirical Relationships between selected divalent cations for total digestion results. 




Variable   r2 Slope Intercept 
Pb Mn 
Upper 0.41 0.04 0.98 
Lower 0.69 0.03 3.10 
All 0.56 0.03 2.70 
 
Table 10 Empirical Relationships between selected divalent cations for water results. Green 
shading on the r2 values indicates stronger relationships. 
Dependent Independent rsq Slope Intercept 
Ni Mn 0.62 0.18 -1.78 
Zn Mn 0.79 0.62 1.59 
 
 While organophilic metals and divalent cations exhibit correlations in total digestion 
results, trends among oxoanions are more clearly found in sequential extraction results.  
Specifically looking at the organic phase of sequential extraction, correlation was found between 
all samples of arsenic against selenium and chromium as well as upper depth samples of arsenic 
against vanadium, seen in Table 11.  Concentrations of elements in organic matter can be 
measured using ashing.  Using an empirical relationship for organic phase trends can be useful 






lamp for each analyte analyzed.  The following equations could be used to estimate vanadium, 
chromium and selenium using an arsenic measurement: 
[Se] = 0.97*[As] + 0.03   Eq. 6 
[V] = 3.06*[As] + 1.09   Eq. 7 
[Cr] = 0.74*[As] + 0.08   Eq. 8 
 The empirical equation for all samples was used when there was an r2 above 0.6.  If there 
was not an r2 above 0.6 for all samples, one of the depth groupings was used.  All samples were 
used for the empirical equation for arsenic with selenium and chromium, and empirical equation 
for the upper depth samples were used for arsenic with vanadium.  A concentration of selenium 
in the organic phase can be estimated for all depths with an accuracy of 72% by inputting the 
measured value of arsenic into equation 6.  A concentration of vanadium in the organic phase 
can be estimated for upper depths (0-30 cm) with an accuracy of 84% by inputting the measured 
value of arsenic into equation 7.  A concentration of chromium in the organic phase can be 








Table 11 Empirical Relationships between oxoanions for organic phase of sequential extraction 
results. Green shading on the r2 values indicates stronger relationships. 
Dependent  Independent    r2 Slope Intercept 
Se As 
Upper 0.76 0.98 0.01 
Lower 0.67 0.96 0.04 
All 0.72 0.97 0.03 
V As 
Upper 0.84 3.06 1.09 
Lower 0.20 1.60 2.37 
All 0.46 2.30 1.83 
Cr As 
Upper 0.65 0.77 0.04 
Lower 0.61 0.73 0.11 











 Elevated concentrations in water samples are expected for the Bolivian Altiplano and 
were found for several elements of interest.  Using California’s OEHAA standard for Vanadium, 
one well exceeded 15 μg/L.  Two wells exceeded the World Health Organization (WHO) 
aesthetic guideline for manganese of 100 μg/L and one well exceeded WHO guideline of 40 
μg/L for selenium.  The element that most often exceeds the WHO guideline is Arsenic, with 
every sample exceeding the WHO guideline of 10 μg/L.  A deep well in the north of the Llojlla 
Grande community that was drilled and sampled at the same time as shallow groundwater 
sampling showed elevated concentrations of arsenic, four times the WHO guideline.  Switching 
from shallow groundwater to deep groundwater may not be the solution for alleviating specific 
concentrations of elements in drinking water.  However, drilling a deeper well alleviates many 
problems, including taste and coliform bacteria.  The conductivity of the deeper well is 0.894 
mS/cm which is less than all measured conductivities of shallow groundwater wells and below 
the WHO guideline of 1 mS/cm.  Because the deep well is also the only measurement of water at 
a depth of 200 feet, further research would need to be done to determine the extent of elemental 
concentrations of the deep water.  
Several elements do not exceed water guidelines, but that does not mean they are not of 






still found in the soil with potential impact on agriculture and foodstuffs.  When looking at 
enrichment factors (Appendix C), nickel is above 1.5, meaning it is above typical expected 
values for the type of parent rock in the area, though it is likely still naturally occurring.  Even 
though concentrations of nickel in water are below the WHO guideline of 70 μg/L, the elevated 
enrichment factor means it may still be a potential health risk through the soil via microbes or 
plant uptake. 
 Relationships were found across depth and location groupings.  Depths were grouped as 
upper (0-30cm) and lower (below 30cm).  Locations were grouped as north and south, seen in 
Figure 5.  Three groupings of metals were found in the soil samples, including organophilic 
metals, divalent cations and oxoanions.  In the organpophilic metal group, copper and cobalt 
correlate with each other across all sediments for total digestion.  In the upper depths, trends 
were found in the organic matter phase for many samples, likely indicating change due to degree 
of weathering.  This trend can be seen in Table 2 and Figure 14.  Copper and cobalt are related in 
the lower depths for the organic phase of sequential extraction, but the correlation is weaker, also 
seen in Figure 14.  This indicates that in less weathered soils, there is a weaker association of 
these elements with organic matter and subsequently a weaker association with each other.  In 
the organic phase of sequential extraction, cobalt and copper correlate in the southern samples 
but not the northern, seen in Figure 15.  This suggests that carbonate relationships may be 
controlling the northern samples, but further research would need to be done to confirm this.  In 
the residual, copper and cobalt trend across all depths and locations, seen in Figure 13.  This 
suggests they are sourced in similar manners from the parent rock and undergo similar 






northern sediments but not the southern sediments, seen in Figure 17 and Table 2.  This suggests 
a different phase is controlling copper and cobalt for the northern samples compared to the 
southern samples.  Further research would need to be conducted to determine the specific 
relationships.  
For divalent cations, sequential extraction phase analysis is important as trends are 
generally weak in total digestion results.  Several elements correlate with lead, but in different 
groupings.  Nickel and lead correlate in the upper and southern samples for the carbonate, Fe-
/Mn-oxide and residual, seen in Figure 26, Figure 27, Figure 28, Figure 29, Figure 36, Figure 37, 
and Table 4.  Zinc trends with lead in the lower and northern samples for the organic and 
residual, graphed in Figure 30 and Figure 31.  Additionally, in the residual, Manganese correlates 
with lead in the upper and northern samples, graphed in Figure 34 and Figure 35.  This result 
indicates different phases are controlling different elements within the divalent cations.  
Manganese correlates with lead in lower depths and northern sediments for total digestion, 
shown in Figure 24 and Figure 25, while lead and nickel trend weakly in the upper and southern 
sediments, seen in Table 3.  This further indicates different mechanisms controlling manganese 
and nickel.  In the carbonate phase of sequential extraction, lead and nickel correlate well in the 
upper depths and southern samples, seen in Figure 26 and Figure 27, although not much lead or 
nickel is found in the carbonate phase.  Therefore, when lead and nickel are found in the 
carbonate phase, they trend.  Similar results were found for the Fe-/Mn-oxide phase, graphed in 
Figure 28 and Figure 29, but with a similarly small amount of lead and nickel being found in this 
phase.  Because lead and nickel do not correlate with manganese, this possibly indicates that the 






with zinc across depths in the organic phase, correlating in the lower depths, seen in Table 4.  
Zinc can be found in all five phases, including weakly sorbed and bound to carbonates, which 
differs from the other divalent cations which are found mostly in the residual.  These differences 
can be seen in Figure 21, Figure 22, and Figure 23.  Compared to lead and nickel, zinc is the 
least strongly bound, which follows thermodynamically because it is the most soluble.  This can 
be seen in Visual MINTEQ results shown in Figure 70, with ZnCO3 more soluble than both 
PbCO3 and NiCO3 across a large pH range of 5-10.  
 
Figure 70 Saturation Indices for cerrusite (PbCO3 (s)), ZnCO3 (s) and 
NiCO3 (s) (Gustafsson, 2014).  
In the organic phase of sequential extraction, zinc trends strongly with lead in the lower 
depths and nickel does not correlate with lead, shown in Figure 31 and Table 4.  As the soil is 





















with lead via organic matter, indicating similar complexation with organic matter that dissolve 
with further weathering.  Lead and nickel correlate in the residual for upper depths while zinc 
does not trend across depth, shown in Table 4 and Figure 37.  During soil weathering, zinc is 
more likely to be dissolved while lead and nickel remain precipitated in the solid.  In the 
residual, zinc trends with manganese in the northern samples, graphed in Figure 33.  Because it 
tracks with manganese that did not release in the Fe-/Mn-oxide phase, this indicates that zinc and 
manganese are likely minor substituted metals in primary recalcitrant oxides.  However, further 
research would need to be performed to confirm this. 
 Relationships were found for oxoanions in both total digestion and sequential extraction 
results, although more relationships are found in the sequential extraction results.  In total 
digestion results, selenium and vanadium trend in the lower samples and not the upper samples, 
seen in Table 5 and Figure 43.  For all samples in total digestion results, a higher correlation is 
seen in lower sediments compared to upper sediments, even if not always a significant 
correlation, seen in Table 5.  This suggests that upon further weathering, the oxoanions go into 
separate phases.  Selenium and arsenic trend between all samples in the organic phase, stronger 
in the upper and north samples, seen in Table 6 and Figure 53.  Selenium also correlates weakly 
with vanadium and chromium in the upper sediments, graphed in Figure 44 and Figure 46.  With 
slightly more organic matter in the upper samples, this indicates that organic matter is likely 
taking up selenium, arsenic, vanadium and chromium but differently, indicated by the different 
correlations.  There is a weak correlation of arsenic and vanadium in the lower samples for the 
Fe-/Mn-oxide phase, likely due to strongly held inner-sphere sorption to those phases.  Selenium 






chromium trend in the upper depths in the residual.  This indicates that arsenic, vanadium and 








The important results from this research document the soil and water relationship in a 
portion of the Bolivian Altiplano that has not been largely researched.  The results provides 
information on aspects of the environment that may impact human health.  Groupings of 
elements were identified as organophilic metals, oxoanions, and divalent cations.  Relationships 
were found between these groups in both total digestion and sequential extraction results.  The 
strongest trend was cobalt and copper, across all depths and locations for total digestion. 
Sequential extraction provided more detailed information on trends.  When looking at the 
residual for organophilic metals, copper, manganese and cobalt correlate in the northern 
sediments but not the southern samples, suggesting a different phase may be controlling the 
sediments across north and south.  Further research would need to be performed to determine the 
specific controlling mechanism.  Relationships across upper and lower samples for organophilic 
metals are likely due to soil weathering.  For divalent cations, sequential extraction results 
highlight more trends than can be seen in total digestion results.  The difference in correlations 
between zinc, lead and nickel can likely be explained by solubility, as zinc is the most soluble 
among lead and nickel.  However, a small portion of zinc is found with manganese in the 
residual of sequential extraction, likely as a minor substituted metal in primary recalcitrant 






compared to upper.  There are some correlations between arsenic and vanadium likely due to 
strongly held inner-sphere sorption. sediments.  This suggests that as weathering occurs, 
oxoanions go into different phases.   
The spatial analysis maps are important for use as risk assessment.  Even though the 
pathways for human consumptions are less direct for soil as they are for water, the soil spatial 
analysis maps are still an important factor in risk assessment.  In instances when metals do not 
exceed in water concentration, they can still negatively impact the community through the soil 
via plant or animal uptake.  Lead, chromium and nickel do not exceed WHO guidelines in water 
but are still found in the soil and are of concern.  The sediment interpolation maps can be used to 
determine where to avoid growing crops or allowing animals to graze.  For the existing 
groundwater wells, the spatially interpolated maps of water can be used to identify any wells that 
should be shut down due to harmful metal(loid) concentration.  Of metal(loids)s that exceeded 
guidelines, arsenic exceeded in all wells.  Vanadium exceeded for the OEHHA’s health guideline 
and manganese exceeded for WHO’s aesthetic guideline.  The Southern Methodist University 
chapter of Engineers Without Borders has a project in the same area as this study with the goal of 
delivering better quality water to the community.  While the deep well does alleviate several 
problems including taste and the presence of coliform bacteria, the deep water well has higher 
levels of arsenic than some of the shallow groundwater wells, showing that high arsenic may be 
present throughout the landscape of the community.  Because this is the only deep point, further 






The use of spatial analysis provides more information than can be traditionally seen 
through use of graphs and tables only.  This work is important because it can be used to better 














Appendix A Contamination Factor  
Table 12 Contamination Factor and Pollutant Loading Index for elements of interest (V, Cr, Co, Ni, Zn, As, Se, Pb, Th, U). 





LGBS 7 0-30 0.37 0.27 25.88 7.47 1.83 7.31 48.41 1.99 2.53 3.42 
LGBS 9 0-15 0.35 0.27 26.72 6.59 3.14 7.02 40.41 2.05 2.56 3.49 
LGBS 9b 0-28 0.39 0.28 25.75 7.31 2.29 7.64 45.29 2.05 2.61 3.54 
LGBS 10 0-30 0.39 0.24 22.51 6.34 2.10 7.74 38.23 1.76 2.31 3.18 
LGBS 11 0-30 0.44 0.25 24.61 6.87 12.58 7.06 41.95 1.90 2.33 4.07 
LGBS 12 0-30 0.38 0.38 31.79 8.86 3.32 7.73 56.90 2.51 3.26 4.29 
Lower 
North 
LGBS 7 30-60 0.33 0.22 22.25 6.53 1.60 6.76 37.28 1.67 2.11 2.91 
LGBS 7 60-75 0.39 0.26 23.26 10.59 1.99 8.04 40.25 1.87 2.37 3.45 
LGBS 9b 30-55 0.27 0.15 14.36 5.90 1.50 4.46 24.06 1.28 1.60 2.18 
LGBS 9b 60-85 0.43 0.25 22.77 16.95 1.77 6.74 32.63 1.79 2.11 3.40 
LGBS 10 30-60 0.44 0.32 29.34 10.68 2.36 7.58 49.53 2.11 2.81 3.95 
LGBS 11 30-60 0.42 0.27 25.20 9.21 4.52 6.92 44.96 1.92 2.62 3.85 
LGBS 11 60-85 0.40 0.23 21.57 18.41 2.18 7.23 33.85 1.63 2.10 3.43 
LGBS 12 30-60 0.43 0.26 31.47 7.54 2.46 10.94 43.26 2.39 2.22 3.79 
LGBS 12 60-90 0.46 0.34 26.94 9.19 2.50 16.78 50.57 2.68 2.06 4.26 
Upper 
South 
LGBS 2 0-19 0.33 0.19 18.04 8.80 2.52 7.54 111.51 2.00 3.29 3.73 
LGBS 3 7-30 0.32 0.19 18.43 4.89 1.86 6.02 35.46 1.35 2.14 2.64 
LGBS 4 0-30 0.34 0.17 17.33 6.36 1.88 8.21 34.90 1.08 2.31 2.75 
LGBS 5 0-30 0.38 0.32 28.47 7.85 2.40 7.25 56.63 2.07 2.58 3.74 
LGBS 6 0-30 0.32 0.34 21.60 7.24 1.79 6.39 39.85 1.65 1.92 3.07 






Table 12 (continued) Contamination Factor and Pollutant Loading Index for elements of interest (V, Cr, Co, Ni, Zn, As, Se, Pb, Th, 
U). 





LGBS 2 49-84 0.31 0.19 18.25 8.95 2.04 6.94 30.82 1.58 2.13 2.90 
LGBS 3 30-45/60 0.33 0.38 18.26 6.95 1.96 6.89 33.00 1.38 2.53 3.07 
LGBS 5 30-45/60 0.32 0.24 23.75 7.45 1.97 5.75 42.62 1.78 2.14 3.08 
LGBS 5 30-60b 0.32 0.21 20.86 6.64 1.79 5.69 37.86 1.58 1.99 2.83 
LGBS 5 60-80 0.38 0.22 21.39 7.22 3.57 7.16 37.09 1.74 2.09 3.29 
LGBS 6 30-60 0.35 0.23 21.81 8.83 1.80 6.76 38.11 1.63 2.08 3.07 
LGBS 6 60-75 0.38 0.27 26.26 9.63 1.93 7.65 45.96 1.98 3.16 3.64 
LGBS 16 30-55 0.60 0.37 36.02 9.56 3.38 12.97 60.03 2.04 4.98 5.02 
Metal Background - 
Sandstone V Cr Co Ni Zn As Se Pb U  







Appendix B Enrichment Factor  
Table 13 Enrichment Factor for elements of interest (V, Cr, Co, Ni, Zn, As, Se, Pb, U), with red shading for Enrichment Factor values 
above 1.5. 
   Enrichment Factor 
   V Cr Co Ni Zn As Se Pb U 
Upper 
North 
LGBS 7 0-30 0.09 0.06 5.96 1.72 0.42 1.68 11.15 0.46 0.58 
LGBS 9 0-15 0.08 0.06 5.85 1.44 0.69 1.54 8.84 0.45 0.56 
LGBS 9b 0-28 0.09 0.06 5.80 1.65 0.51 1.72 10.20 0.46 0.59 
LGBS 10 0-30 0.12 0.07 6.71 1.89 0.63 2.31 11.40 0.52 0.69 
LGBS 11 0-30 0.12 0.07 6.48 1.81 3.31 1.86 11.04 0.50 0.61 
LGBS 12 0-30 0.06 0.06 5.10 1.42 0.53 1.24 9.13 0.40 0.52 
Lower 
North 
LGBS 7 30-60 0.10 0.06 6.39 1.88 0.46 1.94 10.70 0.48 0.61 
LGBS 7 60-75 0.10 0.07 6.23 2.83 0.53 2.15 10.77 0.50 0.63 
LGBS 9b 30-55 0.12 0.06 6.27 2.58 0.66 1.95 10.51 0.56 0.70 
LGBS 9b 60-85 0.13 0.08 7.12 5.30 0.55 2.11 10.20 0.56 0.66 
LGBS 10 30-60 0.10 0.07 6.67 2.43 0.54 1.72 11.26 0.48 0.64 
LGBS 11 30-60 0.10 0.06 5.99 2.19 1.07 1.65 10.70 0.46 0.62 
LGBS 11 60-85 0.12 0.07 6.56 5.59 0.66 2.20 10.29 0.50 0.64 
LGBS 12 30-60 0.11 0.07 7.99 1.91 0.62 2.78 10.98 0.61 0.56 
LGBS 12 60-90 0.10 0.08 5.98 2.04 0.55 3.73 11.23 0.60 0.46 
Upper 
South 
LGBS 2 0-19 0.13 0.08 7.34 3.58 1.02 3.07 45.34 0.81 1.34 
LGBS 3 7-30 0.12 0.07 6.89 1.83 0.70 2.25 13.25 0.50 0.80 
LGBS 4 0-30 0.15 0.08 7.59 2.78 0.82 3.59 15.28 0.47 1.01 
LGBS 5 0-30 0.08 0.07 6.02 1.66 0.51 1.53 11.98 0.44 0.55 
LGBS 6 0-30 0.10 0.10 6.42 2.15 0.53 1.90 11.84 0.49 0.57 






Table 13 (continued) Enrichment Factor for elements of interest (V, Cr, Co, Ni, Zn, As, Se, Pb,  U), with red shading for Enrichment 
Factor values above 1.5 
 
 Enrichment Factor (Continued) 
 
 V Cr Co Ni Zn As Se Pb U 
Lower 
South 
LGBS 2 49-84 0.12 0.07 6.85 3.36 0.77 2.60 11.57 0.59 0.80 
LGBS 3 30-45/60 0.11 0.13 6.33 2.41 0.68 2.39 11.44 0.48 0.88 
LGBS 5 30-45/60 0.09 0.07 6.65 2.09 0.55 1.61 11.94 0.50 0.60 
LGBS 5 30-60b 0.09 0.06 6.01 1.91 0.52 1.64 10.91 0.46 0.57 
LGBS 5 60-80 0.11 0.06 6.01 2.03 1.00 2.01 10.42 0.49 0.59 
LGBS 6 30-60 0.10 0.07 6.27 2.54 0.52 1.94 10.96 0.47 0.60 
LGBS 6 60-75 0.09 0.06 6.01 2.20 0.44 1.75 10.52 0.45 0.72 
LGBS 16 30-55 0.13 0.08 7.65 2.03 0.72 2.75 12.75 0.43 1.06 
   V Cr Co Ni Zn As Se Pb U 
 Background 20.00 35.00 0.30 2.00 16.00 1.00 0.05 7.00 0.45 







Appendix D Complete Water Data  
Table 14 Complete water data for all elements analyzed using ICP-MS. *NM indicates Not Measurable.  
  [V] [Cr] [Mn] [Fe] [Co] [Ni] [Cu] [Zn] [Ga] [As] [Se] [Rb] 
Concentration 
(μg/L) Concentration (μg/L) 
North North 
W5 2.21 NM 15.19 116.87 0.52 0.34 6.35 29.81 2.49 12.14 10.44 NM 
W6 5.19 0.40 0.43 19.06 0.39 0.72 2.15 31.68 2.27 17.60 12.32 0.11 
W7 2.58 NM 15.54 106.34 1.38 NM 6.12 45.81 3.54 13.91 10.49 NM 
W8 4.22 NM 3.58 NM 1.26 NM 6.00 28.86 2.92 16.77 9.47 NM 
W9 3.36 NM 13.93 86.95 1.81 5.33 3.51 19.69 4.72 15.44 8.08 NM 
W12 3.36 NM 5.16 53.97 0.60 NM 1.16 15.60 3.95 15.36 9.60 NM 
W13 9.64 NM NM 68.32 1.49 0.38 2.43 11.16 2.40 21.17 41.91 NM 
South South 
W1 7.56 3.64 174.57 NM 1.74 49.51 24.24 NM 13.99 31.23 21.15 NM 
W2 17.00 NM 175.15 215.75 1.08 14.69 10.29 275.38 3.59 46.04 18.58 NM 
W3 5.64 NM 21.90 66.69 1.09 0.48 5.56 45.72 2.47 22.42 13.57 NM 
W4 13.86 NM 80.92 66.55 1.02 4.56 6.94 21.40 2.27 101.67 13.28 NM 








Table 14 (continued) Full Water Data for all elements analyzed using ICP-MS. *NM indicates Not Measurable.  
  [Sr] [Ag] [Cd] [Cs] [Ba] [Tl] [206Pb] [207Pb] [208Pb] [U] 
Concentration 
(μg/L) Concentration (μg/L) 
North North 
W5 1.49 NM NM NM NM 30.51 NM 0.71 NM 0.98 
W6 3.52 NM 0.34 0.44 0.47 27.32 0.48 0.46 0.31 0.48 
W7 1.72 NM NM NM NM 39.21 NM 0.80 NM 1.08 
W8 8.82 NM NM NM NM 33.62 NM 0.50 NM 0.79 
W9 2.03 NM NM NM NM 49.73 NM 0.80 NM 1.15 
W12 1.80 NM NM NM NM 42.42 NM 0.25 NM 0.57 
W13 3.60 NM NM NM NM 28.88 NM 0.26 NM 0.60 
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